The use of fireworks creates an unusual and distinctive anthropogenic atmospheric pollution event. We report on aerosol samples collected during Las Fallas in Valencia, a 6-day celebration famous for its firework displays, and add comparative data on firework-and bonfirecontaminated atmospheric aerosol samples collected from elsewhere in Spain (Barcelona, L´Alcora and Borriana) and during the Guy Fawkes celebrations in London. Specific highprofile official firework events during Las Fallas, included the afternoon Mascletà and the nightly aerial displays (especially in the climactic final two days of the fiesta) and were accompanied by pollution spikes in suspended particles, NO, SO2, and the creation and dispersal of an aerosol cloud enriched in a range of metallic elements. Notable metal aerosol concentration increases recorded during Las Fallas were: potassium (from 500 to 5900 ng/m 3 ), aluminium (as Al2O3: from around 600 to 2200 ng/m 3 ), titanium (from 200 to 700 ng/m 3 ), magnesium (from 100 to 500 ng/m 3 ), lead (from 17 to 379 ng/m 3 ), barium (from 39 to 322 ng/m 3 ), strontium (from 3 to 112 ng/m 3 ), copper (from 12 to 71 ng/m 3 ), and antimony (from 1 to * Corresponding 2 52 ng/m 3 ). Firework-contaminated aerosols of similarly metalliferous composition were also identified at the other monitoring sites, although different sites show variations attributable to other sources such as bonfires and local industry. Unusual levels of the trace elements Ba, Sr and (to a lesser extent) Cu, always in proportions with Ba dominant, along with strongly enhanced K, Pb, and Sb, are identified as being particularly characteristic of firework aerosols. Although firework-related recreational pollution episodes are transient in nature, they are highly concentrated, contribute significantly to total annual metal emissions, and are on average fine enough to be easily inhaled and a health risk to susceptible individuals.
Introduction
Most anthropogenically-induced atmospheric pollution episodes in the urban environment are linked to hydrocarbon combustion by traffic and domestic heating, combined to a greater or lesser extent with industrial emissions and power generation depending on the location. Given the increasing recognition of the seriousness of urban air pollution levels as a cause of both short-term (e.g. Schwartz, 1996; Katsouyanni et al., 1997) and long-term (e.g. Hoek et al., 2002; Pope et al., 2004) negative human health effects, much effort is currently being put into monitoring and controlling such emissions. One of the more unusual anthropogenic activities that creates notable air pollution is the recreational use of fireworks to celebrate popular fiestas, a practice that, while common worldwide (e.g. at New Year), is more prevalent in some places than others. In Spain, for example, firework displays commonly accompany fiestas, especially along the northeastern coastal regions from Alicante to the Costa Brava, the most famous event being Las Fallas, when several days of celebration in the provinces of Alicante, Valencia and Castellón culminate in the fiesta of San José on 18-19 th March. In this paper we report on the concentrations and chemistry of inhalable particles <10µm in diameter (PM10) collected by air sampling during Las Fallas, emphasing in particular the enhanced levels of metalliferous particles that accompany the celebrations. Our data are from one site in Valencia (PM measured 3 and analysed over six consecutive days of the Las Fallas fiesta in 2005) and two in Castellón (18 th March) . For comparison we also present data from Barcelona during the firework fiesta of San Juan in June, and from London during the annual Guy Fawkes festivities in November.
Methodology
Particulate matter samples were collected during bonfire and firework emission episodes in four urban background stations in Spain (Barcelona, Borriana, L'Alcora and Valencia: Fig. 1) and one in the United Kingdom (London), all representing urban locations distant from specific sources and broadly representative of city-wide background concentrations. All Spanish sites registered PM10 levels, with Barcelona also measuring PM2.5, whereas in London only PM2.5 was collected. The Valencia site in Los Viveros (Royal Gardens : 39º 28' 41'' N; 0º 22' 06'' W; 11 ma.s.l.) is part of the air quality network of the Generalitat Valenciana (Valencian Autonomous Government), and lies 1km NNE of the Plaza del Ayuntamiento in the centre of the city where daily official firework events took place during Las Fallas. Total suspended particles (TSP) were measured in this station with automated instruments Beta Met One BAM1020, based on the measurement of the absorbtion coefficients of Beta radiation in a glass fibre filter before and after the collection of PM (data available from the Valencian air quality network http://www.cma.gva.es/cidam/emedio/atmosfera). Both L'Alcora (40º 04' 07'' N; 00º 12' 43" W; 175 ma.s.l.) and Borriana (39º 53' 38" N; 00º 05' 10" W; 20 ma.s.l.) are also part of the Valencian air quality network. Borriana is located within the Riu Sec Valley, 4km eastern from a major ceramic area (Vila-real), from where contaminants can reach the area transported by the night breeze or the NW dominant winds. The Borriana collection site was contaminated more by local bonfires than any specific major official firework display event. The L'Alcora site is upstream within the Millars Valley, in the western side of the main ceramic area of Villa-real, and was situated very close to a major official firework display and huge bonfire. In contrast, the site in Barcelona (41º 23' 05'' N; 02º 07' 09'' E; 68 ma.s.l.) is located on the roof terrace of the Institute of Earth Sciences "Jaume Almera" (Consejo Superior de Investigaciones Científicas: CSIC). The collecting station lies 140m from the 9-lane Diagonal Avenue, one of the busiest highways in Barcelona, but is not close to any official firework displays or large bonfires and so measured background levels, as did the PM2.5 Guy Fawkes sample. After sampling, filters were dried for 24 hours at room temperature, (20-25ºC and 25% humidity), before being chemically analyzed to determine the concentrations of the different species (crustal components, secondary inorganic compounds, total carbon, marine aerosol and metals) following the procedure described by Querol et al. (2001) , with half of each filter being bulk acid digested for the analysis of major cations and trace metals by means of ICP-AES and ICP-MS respectively. A further quarter of the sample was leached using Milli-Q-grade deionised water and the contents of major soluble anions were determined in the leachates with Ion Chromatography. NH4 + contents in the leachates were also determined by FIA-colorimetry.
Total C was determined by means of a LECO elemental analyser, a technique based on oxidising the sample instantaneously by combusting the sample with pure oxygen at approximately 1000°C. Blank field filters were used for every stock purchased for sampling (one blank filter for each 12 filter stock). Fractions of the blank filters were analyzed in the same batches of their respective filter samples and their element concentrations subtracted from the filter samples. A few mg of the NIST 1633b reference material were added to blank filters to check the precision of the data obtained. The standard deviation of blank filters was generally 5 <20%. In those cases where it was higher, the element concentration in the blank showed a value always <10% of its concentration in the sample and therefore only minimally affected the final concentration. Regarding the precision of the analyses, most of the elements showed an analytical error <10%, except for P and K which had a 15% error.
Results
Table 1 provides the ICP-AES and ICP-MS data for all sites, as well as the PM10 mass measured (excluding London). These data are discussed initially in terms of temporal variations during Las Fallas at Valencia, followed by an intercomparison of trace metals both between sites and between PM10 and PM2.5 sample fractions.
Temporal Variations during Las Fallas
Fireworks are utilised throughout Las Fallas although the main high-pollution events coincide with the official fiesta programme. Thus in 2005 the most spectacular smokeproducing episode during the daytime occurred in the afternoon as a consequence of La Mascletà, when huge quantities of firecrackers were ignited at 14.00. The last two days of the fiesta were marked by a notable increase in La Mascletà activity, with extra events at 11.00 and 12.00 on Friday the 18 th , and at 11.00 on Saturday the 19 th . With regard to official nocturnal pyrotechnic displays, these began at midnight on 15 th -16 th March, and gradually increased in intensity through the week. The most spectacular of the aerial firework displays took place early in the mornings of Saturday the 19 th (at 01.30: the nit de foc -the night of fire) and Sunday the 20 th (at 01.00: the ramillete de fuegos aéreos -bouquet of aerial fireworks). This final display was preceded by La Cremà, when fires are lit all over the city to mark the end of the fiesta. This sequence of events is recorded on Figure 2 , which plots hourly Total Suspended Particles (TSP) levels over the six days (Valencian air quality network data, http://www.cma.gva.es/cidam/emedio/atmosfera). The figure shows the increasing concentration of pollutants in the early morning smoke plume generated in response to the five official aerial firework displays, with a notable jump in levels for the final two displays, as well 6 as identifiable La Mascletà spikes around midday on both Friday the 18 th and Saturday the 19 th (midday data earlier than this are incomplete).
Throughout the six days during collection at the Valencia site there was no rain and winds showed a regular daily alternation between light (<8km/hr), humid morning offshore (north to northwest) and fresher (up to 15km/hr) afternoon sea breezes directed onshore from the east to southeast. Figure 3 shows daily averaged TSP and total carbon levels initially climbing from (CuCr2O4) is used as a catalyst in rocket propellents (Lancaster et al., 1998) .
With regard to those elements specifically linked to firework ignition, such as K, Ba, Sr and Cu, these elements show a range of average values in urban sites across Spain (0.3-0.5 µgK/m 3 , 3.8-40.8 ngBa/m 3 , 3.0-9.7 ngSr/m 3 and 7.5-81.0 ngCu/m 3 : MMA., 2006). In the case of the samples collected in Valencia, potassium increases in concentration through the week but then suddenly more than doubles in concentration on Friday to achieve weekend levels of around 4-6 µg/m 3 (Fig. 3) . Ba, Sr, and Cu all similarly increase throughout the first three days of the fiesta, and then, like potassium, suddenly double or even triple their concentration on the main fiesta day of Friday the 18 th . Levels of all three elements remained highly elevated throughout the weekend in response to the continued pyrotechnic displays. Mg burns a bright electric white (and is a useful fuel) and also occurs as the alloy magnalium (50:50 MgAl) used for sparks and crackling stars, with Al also being used alone as a common constituent for fuel, sparks and glitter effects (Lancaster et al., 1998) . It is immediately obvious from Figure 4 that all of these metals show lower concentrations during the initial days of the fiesta, when compared to the main weekend festivities from Friday to early Sunday morning.
The metals that particularly stand out as present in concentrations far higher than average are Pb, Ba, Sb, Sr, and K.
Comparing sites and PM10/2.5 ratios
The L´Alcora sample is anomalously enriched in K, which we attribute to its proximity to a major bonfire (which also explains the high PM10 level). Borriana shows less of a "firework" signature (lower Ba and Sr), but is unusually enriched in Pb, Al, As and Se, which may be due to the effect of contamination by local industry. Although such superimposed effects will act to obscure the chemical signature emanating from firework ignition, our data suggest that the three trace elements most likely to offer indicators of firework activity are Ba, Sr and, to a lesser extent, Cu, all common firework colouring components. Figure 5 
Discussion and Conclusions
Although there have been only a relatively limited number of other studies on atmospheric emissions emanating from fireworks, it is clear that such emissions have their own distinctive signature (Colbeck and Chung, 1996; Liu et al., 1997; Dutcher et al., 1999; Perry, 1999; Wehner et al., 2000; Kulshretha et al., 2004; Drewnick et al., 2006) . During firework pollution episodes there is a transient and commonly spectacular increase in PM mass, accompanied by a prominent and equally short-lived peak in NO emissions (this was particularly prominent in the early morning data from 18-19 March during Las Fallas, Valencian air quality network data, http://www.cma.gva.es/cidam/emedio/atmosfera), this gas being a useful tracer for high temperature combustion (Wehner et al., 2000) . There is an accompanying sudden rise in gases such as SO2 and metal particles, especially potassium derived from the combustion of nitrate and perchlorate (e.g. Dutcher et al., 1999) , and associated bonfires. The study by Liu et al. (1997) emphasised the metalliferous, strongly inorganic nature of firework aerosols, and the fact that average particle sizes are small (around 1.2µm). This latter study (like that of Perry, 1999) noted The contribution of metal aerosols to the atmosphere during recreational anthropogenic pollution episodes linked to fireworks is not trivial. In a report for the UK Department of Environment, Food and Rural Affairs (DEFRA), Passant (2003) has estimated that during 2002 in the UK around 73 tonnes of magnesium, 65 tonnes of Ba, 10 tonnes of Sr, 5 tonnes of Ti and 10 3 tonnes of Cu were released annually by fireworks and other explosives. To put these figures into perspective, Passant (2003) noted that in the case of Cu and Mg, this represented 6% and 7.6% respectively of total UK emissions for these elements in 2000 (% figures for other elements not available). Furthermore, given that firework-related recreational pollution episodes are highly transient, much of this metal burden will be emitted during a few hours in the year, and will be carried airborne in initially dense clouds of extremely fine, easily deeply inhalable particles.
Such pollutant releases, combined with enhanced emission of gases such as SO2 and accompanied by bonfire combustion products, have inevitably raised questions of possible negative short-and long-term health effects on humans exposed to dense, fireworkcontaminated pollution plumes (e.g. Ravindra et al., 2003) . The short-term threat posed to susceptible individuals has already to some extent been documented and centres more on the effects of increased particle mass on respiration than on their chemical composition. An early cohort study during New Year firework events in Honolulu detected a measurable short term effect on susceptible individuals such as those with chronic respiratory disease (Smith and Dinh, 1975) . More recently, and within the context of concerns over the marked increase of asthma in society, Becker et al. (2000) documented severe (including fatal) attacks in asthmatic children triggered by exposure to firework air pollution episodes. Particles fine enough to be inhaled into the deep lung environment are held responsible for the majority of both short-and long-term negative health effects associated with PM inhalation (Laden et al., 2000; Pope et al., 2002 Pope et al., , 2004 Schwartz and Neas, 2000) , and the bioreactivity of fine metal aerosols is of particular concern (Schaumann et al. Kunzli et al., 2006) .
To conclude, this paper is designed as a contribution towards understanding the distinctive and unusual chemistry of the anthropogenic aerosol burden created by firework displays. We confirm that particles created by firework combustion will have a high PM2.5/10 ratio and, in addition to abundant potassium (the dominant metal component of the firework propellent), will contain a complex mixture of different trace metals, some of which will be present in concentrations far above their normal ranges. The most notable increases in trace metals in our study involve barium, strontium, lead and antimony, with copper, magnesium, aluminium and titanium showing lesser, but still large, increases. Transient spikes in firework metal aerosol Year etc, in an environmentally friendly manner. used by pyrotechnians to define variations in firework colour (Berns, 2000) . See text for discussion.
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16 Figure 6 : Concentrations of Ctotal, Ti, Ba, Sr and Cu at all sites (see text for discussion). 
